The secondary structure of [32p] end-labeled 5S rRNA from Tetrahymena thermophilia (strain B) has been investigated using the enzymes SI nuclease, cobra venom ribonuclease and T2 ribonuclease. The results, analyzed by scanning microdensitometry and illustrated by three-dimensional computer graphics, support the secondary structure model of Curtiss and Vournakis for 5S rRNA (1). Aberrent mobility of certain RNA fragments on sequencing gels was observed as regions of band compression. These regions are postulated to be caused by stable internal base-pairing. The molecule was probed with T2 RNase in neutral (pH 7.5) and acidic (pH 4.5) buffers and only minor structural differences were revealed. One of the helices was found to be susceptible to enzymatic attack by both the single-strand and double-strand specific enzymes. These observations are evidence for the existence of dynamic structural equilibria in 5S rRNA.
INTRODUCTION
Knowledge of the secondary and tertiary structure of 5S ribosomal RNA is important in understanding the structure and function of the ribosome. Enzymes with secondary structure specificity can be used to identify susceptible phosphodiester bonds in large RNA molecules (1) . Tetrahymena thermophilia 5S rRNA although only 120 nucleotides in length, has not been subjected to structure analysis by either Nuclear Magnetic Resonance or X-ray crystallography. Other physical techniques do not generate the same detailed information as that obtainable with the enzymatic structure-mapping method (2) . The sequences of all known 5S rRNAs can be folded to conform to the unified secondary structure model of De Wachter et al., proposed on phylogenetic and thermodynamic grounds (3) . The De Wachter et al. base pairing scheme has been slightly modified by Curtiss and Vournakis (1, 4) since in the case of the 34 eucaryotic 5S rRNAs sequences that they examined it is possible to elongate helix C by allowing a two-base bulge. The present study uses three secondary structure-specific enzyme probes to experimentally test the modified model. The probes employed were the double-strand specific cobra venom ribonuclease (CV RNase), and the single-strand specific enzymes SI nuclease and T2 ribonuclease. CV RNase requires a pH 7.5 Mg" 1 " 1 " containing buffer for activity. SI nuclease requires an acidic (pH 4.5) buffer and Zn*" 1 " as a cofactor. T2 RNAse, known to possess single-strand specificity (5) , has no divalent cation requirement. Although maximally active at pH A.5, T2 RNase still retains considerable activity at pH 7.5. It is conceivable that the secondary structure of 5S rRNA differs in the two buffer conditions required for this set of enzymes; SI nuclease buffer and CV RNase buffer vary by 3 pH units and in the divalent cation present. Cleavage of the same phosphodiester bond by CV RNase and SI nuclease in their respective buffers could be attributed to changes in base pairing in the two buffers and invalidate the combining of digestion data for structure determination. T2 RNase digestions were, therefore, carried out in both buffers in order to compare the cleavage patterns obtained.
The enzymatic cleavage results were quantitated by scanning microdensitometric analysis of autoradiographs. A three-dimensional computer graphics system was then employed to display the quantitative results using a surface plot format.
MATERIAL AND METHODS

Materials
Tetrahymena thermophilia 5S rRNA (strain B) was prepared as described by Kumasaki et al (6) . T4 RNA ligase and T4 polynucleotide kinase were purchased from Bethesda Research labs. Cobra Venom RNase and SI nuclease were purified as previously described (3). T2 RNase (grade VI) was purchased from Sigma Chemical Co. 
End Labeling
Purified 5S rRNA was [ 32 P] end-labeled at either the 3' or 5' terminus, as reported previously (2), and digested exhaustively with PI nuclease and T2
RNase respectively to identify the labeled nucleotide (7).
Digestion Condition
Digestions with the sequence-specific enzymes Tl, U2, CL3 and Bacillus cereus RNases, and with alkali to yield sequence information were performed as previously described (8, 9) . Digestions with the secondary structure-specific enzymes SI nuclease, Cobra Venom RNase and T2 RNase were employed to identify double-stranded and single-stranded regions of the RNA molecule (10 MgCl2> 50mM tris pH 7.5. SI nuclease reactions were carried out in SI buffer:
200mM NaCl, lOmM ZnS04, 40mM NaOAc pH 4.5. T2 RNase reactions were carried out in CV buffers A and B, and SI buffer.
Gel Electrophoresis
The samples were heated at 90°C for 20 seconds before loading onto a 10% to 20% acrylamide, 8.3M urea gel (40 x 33 x 0.04 cm), and electrophoresed at 1,000 V, constant voltage (2).
Autoradiography
Autoradiographs of the gels were made using Kodak X-Omat RF X-ray film.
The gels were exposed at -20°C and exposure times were such that bands scanned had an optical density of no greater than 1.0 measured at a wavelength of 500 nm, to ensure a linear relationship between optical density and cpm.
Densitometric Analysis of Autoradiographs
Autoradiographs were scanned using a Jarrel-Ash model 23-100 scanning microdensitometer. The peak areas for each band were calculated, and have been shown to be proportional to cpm and concentration (unpublished results).
Control peak areas were subtracted from digestion lanes to give corrected band densities.
Representation of Data
Three-dimensional plots of the data were generated using the statistical analysis system (SAS) GMAP surface program run on Syracuse University's IBM (4341) computer.
RESULTS
Homogeneity of end-labeled 5S rRNA
End analysis and sequencing gels of end-labeled RNA showed homogeneously labeled termini, and full lengwi 5S rRNA. Typical autoradiographs covering the entire length of the 5S rRNAmolecule are shown in figures 1 and 2. The 3'
terminus of 5S rRNA was found to label with higher efficiency compared to the 5' terminus, as would be expected from the secondary structure model (1).
Sequence Heterogeneity
The sequence,and sequence heterogeneity, determined in this study for An autoradiograph of a 10% polyacrylamide, 8.3M urea gel, showing products of 3'_[32p] end-labeled Tetrahymena thermophilia 5S rRNA digested with SI nuclease, Cobra Venom RNase and T2 RNase at 37°C. The structure-specific reactions were preincubated at 37°C for 3 min. before addition of enzyme. The gel was prerun at 1,000V for 60 min. The samples in lanes 1-8 were loaded and the gel electrophoresed at 1,000V for 130 min. or until the xylene cyanol marker dye had migrated A0 cm. Samples in lanes 9-16 were then loaded and the gel electrophoresed at 1,000V for a further 180 min. The reactions loaded in lanes 1-3 and 9-11 were performed in SI buffer. The reactions loaded in lanes 6-8 and 14 -16 were performed in Cobra Venom buffer. Lanes 4 and 12 show a ladder resulting from alkali digestion. Lanes 5 and 13 contain digests performed with U2 RNase. Figure 1A shows the digestion patterns from nucleotides 5-65, and figure IB the digestion patterns from nucleotides 51 -120, numbered from the 5' terminus. 
FIGURE 6
Three-dimensional reprentations of Tetrahymena thermophilia 5S rRNA, folded according to the secondary structure model of Curtiss and Vournakis, illustrate the susceptibility of the molecule to cleavage by enzymatic probes. The secondary structure model is shown in the XY plane in the same projection as in Figure 4 . The XY plane represents the phosphodiester bonds between nucleotides where cleavages occur. The numbers refer to the base positions numbered from the 5' terminus. The height of the peak (the Z value) is a measure of the susceptibility of the bond to enzymatic cleavage. Figure 6A shows Cobra Venom RNase results. The mean average from 13 experiments, analyzed visually is plotted as the Z value. The data covers nucleotides 5 -120. Figure 6B shows SI nuclease results. The data are plotted from the densitometric analysis of figure 1, lanes 2 and 10, covering nucleotides 10 -120. Figure 6C shows T2 RNase results in SI buffer. Densitometric data are plotted from figure 1, lanes 3 and 11, covering nucleotides 10 -120. Figure 6D shows T2 RNAse results in CV buffer A. Densitometric data are plotted from Figure 1 , lanes 6 and 14, covering nucleotides 1 -120. CV RNase reactions were carried out in buffers A and B. Few differences were observed in the digestion patterns in the two buffers. Figure 6A shows the results of the mean values of CV RNAse digestions obtained by visual analysis.
It is apparent that every helix is recognized by the enzyme. Regions of intense cleavage occur on both strands, usually opposite one another in the secondary structure model. TFIIIA from Xenopus laevis when complexed to its 5S rRNA induces conformational changes in the C and E helical regions (16) . These changes may be related to the location of binding sites for the factor. Exchange reactions using 5S rRNA from other species showed that the binding of TFIIIA was relatively non-specific
The protein may recognize common elements of 5S rRNA primary and/or secondary structure (16) . It is interesting to note that the potential protein interaction domain at E is within the unstable E helical region.
Three persistent regions of band compression were found in the experiments described above. The secondary structures postulated to account for the compression are short-range hairpin loops. Since compression is found in the strongly denaturing conditions used, the structures formed must be very stable.
In each case, the postulated hairpins consist of a helix containing three G-C base pairs and a four-base loop closed by a G-C base pair. Physical studies on oligoribonucleotides indicate that the smallest observed loop size is four bases (17, 18) . For hairpin loops with three or more G-C base pairs, such as those proposed above,the most stable loop size is unknown.
Adenine residues predominate in the postulated hairpin loops of J_.
Thermophilia 5S rRNA digestion fragments as proposed above (see figure 3) .
Examination of the secondary structure model for E. coli 16S rRNA (18) shows adenine residues to be disproportionally represented in the single-stranded regions (73% A) compared to the whole molecule (24% A). Purine-purine base stacking is known to be a major contributor to the overall stability of RNA molecules (20) . Infrared measurements of 5S rRNA from Thermus thermophilus have recently shown the unpaired adenines, to be basestacked (21) . These residues are mostly conserved (1) indicating the importance of basestacked adenines in stabilizing the structure of 5S rRNA. This could explain the high proportion of adenine residues in single-stranded regions in E. coli 16S rRNA and in the j[. thermophilia 5S rRNA molecule studied here.
In summary, we find that the data shown above support the secondary structure model of Curtiss and Vournakis (1) , and that this structure is maintained in both neutral and acidic buffers.
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